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    The objective of this research is to investigate synthetic pathways for bioinspired 
materials with regeneration ability. This study is a part of a larger study on bioinspired 
composites motivated by current challenges of synthetic structural materials, such as 
fixed mechanical properties and degradation over time. To address these challenges, we 
are inspired by natural materials such as bones and coral reefs that can adapt to their 
environment and regenerate. 
    Built upon previous findings that negatively charged scaffolds serve as templates 
for mineral formation from the medium with ions by attracting positive mineral ions, 
we hypothesized that if we use a scaffold with negatively charged surfaces, the damage 
of the mineralized scaffold will expose underlying negative charges so that it can 
provide “signals” for inducing mineral deposition, thus repairing the damaged mineral 
layer. 
    To test the hypothesis, we utilized piezoelectric materials that convert mechanical 
loading into electrical charges as scaffolds. After forming minerals by immersing into 
a simulated body fluid (SBF) that mimics the ionic concentrations of human blood, we 
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damaged the parts of the minerals and re-immersed samples into the SBF. Then, we 
compared the thickness profiles of the minerals before and after re-immersing by using 
an optical profiler. We also studied the effects of different piezoelectric scaffolds such 
as Polyvinylidene fluoride and piezoelectric composite.  
We found that the damaged areas were regenerated with minerals while more 
studies are needed for a quantitative understanding of the mechanism. We envision that 
our findings can contribute to developing novel synthetic materials with regeneration 
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1.1 Motivation for Materials with Regeneration Capability 
    Material property control is a crucial and essential topic in material science since 
human beings started using tools from ancient times. Some scholars say that the history 
of human beings is a history of material science because the advances of technologies 
that push our society forward are correlated with the discoveries of new materials. 
Ferguson [1] pointed out that human historical epochs are defined by classical materials 
used by civilizations such as the Stone, Copper, Bronze, and Iron Ages, and thus the 
levels of innovation and standards of living are related with the available material 
technologies. Cohen et al. [2] also mentioned in his book, Materials and Man’s Needs, 
that the increasing extravagance in the use of materials is one of the hallmarks of 
modern industrialized society, and he also stated that “Materials by themselves do 
nothing; yet without materials can do nothing”. It can be seen that there is a strong 
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connection between human society and material science and studying material 
properties and synthesizing new materials are always important topics in human history. 
    While there have been tremendous progresses in materials research, there are still 
challenges to realize some of the desirable characteristics of natural materials in 
synthetic materials. There are many methods to design and process materials to achieve 
required material properties, such as post-processing, synthesis of composite or 
compounds, etc. However, man-made materials cannot totally take the place of natural 
materials in aspects of properties and sustainability. Wegst et al. compared the 
difference in properties, such as stiffness, strength, modulus, and fracture toughness, 
between natural materials and man-made materials (Fig. 1) [3]. In addition, natural 
materials are environment-friendly with outstanding sustainability and they usually are 
made from low-cost ingredients via energy-saving method, compared to synthetic 
materials [4].  
 
Fig. 1 Comparison of natural and synthetic materials in aspects of (a) strength and stiffness (normalized by density) 
and (b) toughness and modulus. Reprinted by permission from Springer Nature.[3] 
Thus, researchers have been studying to synthesize innovative materials that can 
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mimic natural materials like bones, silk, nacre, etc., not only to achieve unique material 
properties, but more importantly, to extend the lifecycle of synthesized materials and to 
explore new recycling methods for the future. The world-wide problem of lack of 
resources has been received public attention recently due to a large quantity of waste 
generated every year. According to a report from the United States Environmental 
Protection Agency [5], almost all materials people used in all aspects of life cannot reach 
a 50% recycling rate. 
 
Fig. 2 Percentage of recycled and landfilled waste in 2017 in the US. Data is from Advancing sustainable materials 
management: 2017 fact sheet, from the United States Environmental Protection Agency. [5]
 
Besides recycling, another way to save resources is to enhance the lifetime of 
materials such as developing materials with regeneration capability, particularly in the 
case of medical implants where metals and plastics are common materials. Traditionally, 
medical implants usually need to be replaced periodically and cannot be reused due to 
the risk of biohazard and structure failure. Previously, researchers mainly focused on 
extending the period for replacement. However, no implants can be implanted forever 
like our bones, teeth, etc. If future implants can have regeneration capability, repairing 
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but also can be inspiring for people to explore novel methods in resource-saving and 
environmental protection.  
1.2 Previous Study on Bioinspired Materials with 
Regeneration Ability 
    We are intrigued by properties of bones and consider bone as a model 
multifunctional material from nature. Previous research on repairing capability follows 
a similar pathway based on a review from Blaiszik et al., which are capsule-based 
healing systems, vascular healing systems, and intrinsic healing systems, as shown in 
Fig. 3. [6] Such materials can repair themselves by utilizing healing components 
embedded in itself. 
 
Fig. 3 Current types of self-healing methods: (a) capsule-based, (b) vascular, and (c) intrinsic methods. Image reused 
with permission of the rights holder, Annual Review, Inc. Republished with permission of Annual Reviews, Inc.;[6]  
   There are many previous studies that correlate to these pathways and have made 
great progress in materials with regeneration capability. For instance, White et al. 
reported a capsule-based healing method, which can repair the crack via polymerization 
triggered by the release of healing agents and catalysts encapsulated and embedded in 
polymeric material [7]. Pang et al. demonstrated a self-repairing composite, containing 
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healing agents in composite’s hollow vascular structure. The healing agents can 
infiltrate the damaged area and ameliorate its effect when it happens and breaks the 
vessel, similar to blood bleeding [8]. Chen et al. developed a polymeric material that can 
reconnect its fractured part by a simple heating and cooling method [9]. More recently, 
Li et al. reported a self-healing polymeric material that can self-repair at room 
temperature without any stimulus based on the re-formation of chemical bonds [10].   
    However, many of these previous healing mechanisms require an internal source of 
healing materials, which will be depleted and healing agents could be toxic. They also 
need special conditions for regeneration, which sometimes lead to a lack of 
biocompatibility for applications in medical implants. Our goal is to develop bone-
inspired materials with regeneration capability, which are able to repair themselves by 
utilizing available raw materials around the damaged area. 
1.3 Bioinspired Mineralization  
    Bone consists of about 40% inorganic components (primarily hydroxyapatite), 30% 
organic component (mostly collagen), and 25% water by volume [11]. Bassett et al. 
considered the collagen and apatite are the sources of piezoelectricity in bone and they 
may have special significance [12]. Noris-Suarez et al. reported that electrochemical 
action produced by piezoelectric dipoles generated from bone tissue can be the source 
of initial hydroxyapatite growth on the collagen substrate [13]. The further assumption 
stated that the electric fields formed by piezoelectricity from bone attract charged ions 
and macromolecules in the surrounding fluids, enhancing bone formation [14]. We are 
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inspired by the findings that bones are formed by mineralization of ions from body 
fluids onto charged scaffolds and they have signaling pathways to control the 
mineralization process.  
Previous studies showed that minerals such as hydroxyapatite were preferentially 
deposited onto negatively charged surfaces from simulated body fluids (SBF), which is 
similar to those in human blood plasma. For example, Yamashita et al. reported rapid 
bone-like crystal growth on negatively polarized hydroxyapatite surfaces immersed in 
simulated body fluids (SBF) while they observed no crystal growth on positively 
polarized surfaces (Fig. 4) [15].  
 
Fig. 4 Scanning electron micrographs of the negatively polarized surface with crystal layer (left) and positively 
polarized surface without any minerals (right) after immersed in simulated body fluids. Reprinted with permission.[15] 
Copyright 1996 American Chemical Society. 
1.4 Our Hypothesis 
Built upon previous findings that negatively charged scaffolds serve as templates 
for mineral formation from the medium with ions by attracting positive mineral ions, 
we hypothesized that if we use a scaffold with negatively charged surfaces, the damage 
of the mineralized scaffold will expose underlying negative charges so that it can 
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provide “signals” for inducing mineral deposition, thus repairing the damaged mineral 
layer. 
In addition, as piezoelectric materials generate charges, the use of a piezoelectric 
matrix can also provide excellent opportunities to understand the conditions, structures, 
chemical components, and regeneration capability based on mineral synthesis from 
simulated body fluids (SBF). 
1.5 Outline of Thesis 
    The first chapter talked about the motivation for studying materials with 
regeneration capability, previous studies on regeneration mechanisms, studies on 
bioinspired mineralization, and our hypothesis. The second chapter will introduce our 
analysis about the mineralization mechanism based on the theory of crystallization, a 
brief introduction about the piezoelectric materials we used, and a general procedure 
for bioinspired composite synthesis. The third chapter will mainly focus on the factors 
and conditions we studied in the mineralization process. The fourth chapter will show 
our chemical analysis on our bioinspired composite and our current progress studying 
its self-regeneration capability. The fifth chapter will be conclusions, future work, and 










Synthesis Mechanism of Bioinspired 
Composite 
 
2.1 Charge-Induced Mineralization in Simulated Body Fluid 
Simulated body fluid (SBF) is an acellular fluid with ion concentrations similar to 
those in human blood plasma [16] (Table 1[17]), which normally contains soluble salts 
(KCl, NaCl, NaHCO3, MgCl2, CaCl2, Na2SO4, phosphate salts) and buffer (Tris, 
HEPES, etc.).  
Table 1 Ion concentration of SBF in comparison with human blood plasma. Reprinted from Biomaterials, 22(14), 
2007-2012 [17], with permission from Elsevier. 
 Concentration (mM) 




SBF 142.0 5.0 2.5 1.5 4.2 148.5 1.0 0.5 
Blood plasma 142.0 5.0 2.5 1.5 27.0 103.0 1.0 0.5 
Mineralization in SBF traditionally is induced by carefully adjusting pH to achieve 
local supersaturation for mineral formation [18]. Supersaturation is a state of a solution 
that contains more solutes than it can dissolve without any precipitation. Under this 
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condition, when the solution slowly proceeds to the state of homogeneous nucleation 
but only a few nuclei start to grow, the starting crystallization will decrease the local 
ion concentration and bring the solution back into the region of supersaturation. Then, 
existing crystals will grow, but no new nuclei will form, which results in a slow but 
stable precipitation process. In 1990, Kokubo et al. first reported mineral formation on 
the surface of a glass-ceramic composite based on this method [19]. Since then, many 
researchers have used SBF to study mineralization for biomaterials in vitro and many 
revised versions of SBF have been created [20][21][22]. Despite the different versions of 
SBF, the precipitated mineral is commonly a form of calcium phosphate, which has 
been used as the coating layer for bone implants because calcium phosphate is one of 
the components of bones and it can be accepted by cells to reduce immunoreactions 
when implanted into the human body. Take hydroxyapatite, for example, the typical 
chemical reaction of precipitation in simulated body fluid is: 
5𝐶𝑎2+ + 3𝑃𝑂4
3− + 𝑂𝐻− = 𝐶𝑎5(𝑃𝑂4)3(𝑂𝐻) 
    Generally, in the mineralization process, there are two crucial stages, which are 
nucleation and the growth of crystal nuclei. Nucleation is a phenomenon that tiny seed 
crystals start to form inside the solution. The rate of nucleation, 𝐽𝑁, is related to molar 






where k is Boltzmann constant, and T is the temperature. The molar activation energy, 














where 𝐾𝑆𝑃 is solubility product constant, and [𝐶𝑎
2+], [𝑃𝑂4
3−], [𝑂𝐻−] are molarity of 
ions or chemical groups. After nucleation, the formed nuclei begin to grow and 
accumulate on the substrate surface. The rate of crystal growth can be expressed in the 
form of power law [23]: 
𝐽𝐺 = 𝑘(𝑆𝑅 − 1)
𝑥 
where 𝐽𝐺   is rate of nucleation, 𝑆𝑅   is relative supersaturation ratio, 𝑘  is the rate 
constant, x is decided by step mechanism.  
    Based on the fundamental crystallization theory, we can speculate that the negative 
charges influence the crystallization of minerals in following aspects. Firstly, the 
negative charges increase the local relative supersaturation (SR) of minerals by 
attracting calcium ions. The increase of SR will result in the decrease of molar activation 
energy and then increase the nucleation rate. The increase of SR will also lead to the 
increase of the crystal growth rate JG. When crystal grows thicker, the influence of 
charges will decline, decreasing the crystallization rate. 
2.2 Piezoelectric Materials 
    Due to the application of mechanical stresses, an electric charge can build up in a 
number of solid materials, including select ceramics, crystals and some biological 
materials like DNA, bone and certain proteins. The resulting effect is a type of 
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electricity produced because of pressure, known as piezoelectricity [24]. In 1880, the 
Curie brothers first demonstrated this phenomenon. Later, the converse effect was also 
discovered, in which a mechanical strain is generated by applying an electrical field [25]. 
Nowadays, there are many piezoelectric materials, both natural and synthetic. Some 
common natural piezoelectric materials are quartz, sucrose, bones, and wood, etc. [26] 
    In this study, we have used polymer-based piezoelectric materials such as 
polyvinylidene fluoride (PVDF). The piezoelectricity generated in polymers is caused 
by the molecular dipoles in the polymer chain and by the change of the dipole density 
in response to mechanical loadings. We used PVDF because it is a widely-used and 
commercially available piezoelectric polymer. The PVDF usually can be divided into 
three different types depending on its chain conformations, which are α-PVDF, β-PVDF, 
and γ-PVDF (Fig. 5) [27]. The β-PVDF was selected because of its good piezoelectric 
performance. Also, PVDF exhibits excellent chemical stability and is resistant to acids, 
weak bases, and ionic solutions, etc. [28][29], which minimize other irrelevant reactions 
between PVDF and SBF. 
 
Fig. 5 Illustrations of chain conformation for are α-PVDF, β-PVDF, and γ-PVDF. Reprinted from Progress in 
polymer science, 39(4), 683-706 [27], with permission from Elsevier. 
2.3 Synthesis Method 
The first step of the composite synthesis is to prepare simulated body fluids (SBF). 
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We mainly followed recipes based on studies from Kokubo et al. (Table 2) and Yang et 
al. (Table 3).[20][21] Kokubo et al. provided a very detailed procedure of SBF preparation 
in their published work. Well-prepared SBF should be preserved at 5-10℃ and need to 
be used within 30 days [20]. When preparing the SBF from Yang et al., we firstly 
prepared 1L distilled and ion-exchanged water (DI water) in a plastic bottle with a 
stirring bar. Then, we added chemicals following the order from the recipe shown in 
tables below; NaCl first, then KCl, CaCl2·2H2O, MgCl2·6H2O, NaH2PO4·H2O, and 
finally stop dissolving chemicals when K2HPO4·3H2O has been added. We only added 
the next chemicals when the previous one was totally dissolved. The solution prepared 
at this stage is called the stock solution, which can be stored in the fridge at 4℃ for 
months. Every time before usage, the stock solution needs to be heated to 37℃ in the 
incubator and then dissolve NaHCO3. Then, the SBF should be used immediately 
because it does not have Tris to construct a buffer solution, thus, it cannot be stored too 
long after preparation. 
Table 2 Reagents and preparation order for 1L 1xSBF. Reprinted from Biomaterials, 27(15), 2907-2915 [20], with 
permission from Elsevier. 
Reagent Order Amount 
NaCl 1 8.035 g 
NaHCO3 2 0.355 g 
KCl 3 0.225 g 
K2HPO4·3H2O 4 0.231 g 
MgCl2·6H2O 5 0.311 g 
1.0M HCl 6 39 mL 
CaCl2 7 0.292 g 
Na2SO4 8 0.072 g 
Tris 9 6.118 g 






Table 3 Reagents and preparation order for 1L simplified 1xSBF. Reprinted from Chemical Engineering Journal, 
137(1), 154-161 [21], with permission from Elsevier 
Reagent Order Amount 
DI Water 0 1 L 
NaCl 1 7.995 g 
KCl 2 0.224 g 
CaCl2·2H2O 3 0.368 g 
MgCl2·6H2O 4 0.305 g 
K2HPO4·3H2O 5 0.228 g 
NaHCO3 6 0.349 g 
    Next, samples were prepared from a commercial PVDF film (TE Connectivity, PN: 
3-1003352-0), slightly distorted to generate piezoelectricity, and were carefully placed 
into the SBF solution. The SBF solution should be refreshed every day to maintain the 
concentration based on a previous study showing the change of the ionic concentrations 
without refreshing [30]. After mineralization, the samples were repeatedly rinsed gently 
in the DI water to remove salts like NaCl. The salinity of the rinsing solution was 
measured by a salinity meter (Extech, EC170). When salinity was below 0.1 ppt, 
samples were taken out and dried at room temperature in air for further analysis. (Fig. 
6)  
 
Fig. 6 Schematic illustrations of a general procedure of synthesizing bioinspired composite. 
 
14 
Later, samples were characterized by a profilometer (Laser Scanning Microscope, 
Keyence VK-X100, Osaka, Japan), X-ray diffraction (XRD; Philips, X’Pert Pro for 
powder), scanning electron microscope (SEM; Tescan, Mira3), and some other methods 
based on the purpose.  
During our mineralization experiment, we noticed that the minerals were 
preferentially deposited on the negatively charged surface compared to the positively 
charged surface (Fig. 7). However, there are some other factors can also affect the 
mineralization process, such as concentration, time, loading conditions, and pH value, 
etc.  
 
Fig. 7 Scanning electron microscopic images of mineral precipitation on the negatively charged surface (left) 
compared to deposition on the positively charged surface (Right). 
2.4 Conclusion 
    In this chapter, we introduced the mineralization mechanism based on the theory of 
crystallization. We also described the piezoelectric materials we used and presented a 
novel mineralization method by utilizing piezoelectricity based on previous research on 
charge-induced mineralization. By using piezoelectric substrates, more minerals are 










Factors and Conditions Studied for 
Mineralization 
3.1 Piezo-Coefficient 
The piezocoefficient dij is the ratio of the charge per unit flowing along the j-
direction to the stress applied in the i-direction and a typical unit is pC/N [42]. There are 
different piezo-coefficients based on directions of polarization and applied mechanical 
forces to assess piezoelectricity in different situations. Usually, the piezoelectric 
coefficients are defined with double subscripts, with the first subscript indicating the 
direction of the electric field associated with the applied voltage/produced charge and 
the second subscript indicating the direction of the mechanical stress/strain [31]. 
Direction X, Y, or Z is represented by the subscript 1, 2, or 3, respectively, and shear on 




Fig. 8 The direction system in piezoelectric materials. Reprinted with permission.[43] Copyright 2018 John Wiley 
and Sons. 
    In our case, the materials we used are PVDF films (TE Connectivity, PN: 3-
1003352-0). Their direction of polarization is along the thickness direction, which is Z 
direction or 3 direction. As we are interested in mineralization on the film surface, the 
direction of generated electric field should also be along the thickness direction. To 
simplify our study, a basic loading pattern has been applied, such as uniaxial 
compression on the film. Thus, the relevant piezoelectric coefficient needs to be 
measured is d33.  
3.1.1 Measurement Method  
The Berlincourt method [32] (also called the direct method) has been selected as our 
measurement method. When testing with Berlincourt method, a small oscillating force 
is applied to the testing sample and the measured charge output is divided by the 
oscillating amplitude (Fig. 9). This testing method is easy to set up and many 
commercial models, such as PM300 d33 PiezoMeter System (Manufactured by 
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Veginean Technology), are developed based on this mechanism due to its simplicity. 
However, since the system can be assembled by equipment from different 
manufacturers and there is no strict standard for calibration, the measurement results 
between different systems could produce a large  variability [33]. In general, 
measurements are good within a batch or batch to batch, but the confidence in results 
from different systems could be much lower.[32] 
 
Fig. 9 Schematic of Berlincourt method 
    In our project, piezocoefficients were measured with the same testing system and 
each sample was tested multiple times. Besides, the purpose of measuring 
piezocoefficients is to learn the piezoelectric behaviors of our samples. 
3.1.2 Equipment and Setting 
    In our piezo-coefficient measurement system, a synthesized function generator 
(SRS Model DS345) was used to generate an input signal by setting the wave type, 
amplitude in voltage, and frequency, to the power amplifier (APS Dynamics, Type APS 
125), which is connected to the shaker (APS Dynamics, ELECTRO-SEIS APS 113 
Shaker). The amplitude can be precisely monitored by a displacement sensor for 
adjustment. The shaker received the output signal from the amplifier and applies 
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dynamic force to a sample. The sample was under compression during measurement 
and the output charges were collected by piezo film lab amplifier (Measurement 
Specialties, P/N 1007214) via two copper electrodes connected to the sample. External 
forces are measured by a load sensor (LRM200, FUTEK). All information is processed 
by a data acquisition system (NI-PCI 6251 and BNC-2110, National Instruments, Texas) 
using LabVIEW 2013 (Fig. 10). 
 
Fig. 10 The schematic of a d33 measurement set-up 
Samples were carefully prepared to keep the dimension consistent (2 × 4 𝑐𝑚2) 
and were stored at room temperature at least 24-hour before measurement to eliminate 
charges generated during preparation. When measuring d33 value, the testing conditions 
were: sine wave, 10 Hz, and 5 N dynamic loading (compression). Tests were set under 
relatively small loading and low-frequency environment because we would like to 
simulate the potential environment happened in an organism, especially in the human 
body, for future applications. However, there is a recommended lower limit for the 
Berlincourt method, which is around 10 Hz [33], according to the previous study. To 
ensure the stability and reliability of the measurement, we decided to utilize the setting 
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above and the d33 value of each sample was recorded for an hour. 
3.1.3 Testing Results 
Fig. 11 shows examples of data from two different PVDF specimens. It is clear 
that there is a time-dependent effect at the beginning, starting at a higher value and then 
gradually becoming stable afterward. One of the measured values was close to the 
reference d33 value provided by the manufacturer, which is 33 pC/N, but the other one 
was lower than the reference value. It is unclear why there is a difference between the 
measured value and the reference value. Though studies showed that the frequency, 
preload, time, and even geometry will influence the measurement of d33 value 
[33], we 
have carefully controlled these factors during measurements and we supposed 
influences based on these factors should be inhibited.  
 
 
Fig. 11 The d33 measurement results of two different PVDF samples under 10Hz loading, prepared from the same 
original PVDF sheet, for an hour. 
3.2 Different Concentrated Simulated Body Fluids 
    We investigated the contribution of simulated body fluids on the synthesis of 
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minerals onto PVDF films. The research can provide us a quantitative understanding of 
how we can tune the mineral deposition from the solution system. The simulated body 
fluid (SBF) solutions were prepared based on several previous studies [20][21][22]. Among 
them, Kokubo’s recipe [20] of standard concentration SBF (1xSBF) is the most widely 
used one. They also provided several differently concentrated SBFs such as 0.5 times 
concentrated and 1.5 times concentrated solution. The mineral precipitation rate in 
1xSBF is relatively low, which takes time to grow thick minerals for future 
measurements. Thus, we also referred to some other recipes (5xSBF and 10xSBF) [21][22], 
shown in Table 4 and Table 5, which are derived from Kokubo’s recipe, for faster 
mineralization and comparison.  
Table 4 Reagents and preparation order for 200mL improved 5xSBF. Reprinted from Biomaterials, 25(22), 5323-
5331,[22] with permission from Elsevier. 
Reagent Order Amount 
DI Water 0 200 mL 
NaCl 1 7.884 g 
KCl 2 0.373 g 
CaCl2·2H2O 3 0.368 g 
MgCl2·6H2O 4 0.305 g 
NaH2PO4·H2O 5 0.138 g 
NaHCO3 6 0.353 g 
 
Table 5 Reagents and preparation order for 200mL improved 10xSBF. Reprinted from Chemical Engineering Journal, 
137(1), 154-161,[21] with permission from Elsevier. 
Reagent Order Amount 
DI Water 0 200 mL 
NaCl 1 11.686 g 
KCl 2 0.075 g 
CaCl2·2H2O 3 0.735 g 
MgCl2·6H2O 4 0.203 g 
NaH2PO4·H2O 5 0.276 g 
NaHCO3 6 0.168 g 
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 We compared mineral formation from different concentrated (1x, 5x, 10x) SBF 
solutions under the same condition (7 days incubation, 37 C, renew SBF every 24 
hours). To compare precipitation thickness, a scanning microscope with a surface 
profiling function (Laser Scanning Microscope, Keyence VK-X100, Osaka, Japan) was 
used to evaluate the thickness difference between the precipitated area and the masking 
area.  
The result is shown in Fig. 13. A higher concentrated SBF solution can precipitate 
more minerals in the same period. As the SBF solution is more supersaturated, higher 
ion concentration will lead to more reactions once the mineralization process has been 
started. This tendency is also consistent with a previous study by Hata et al. [34], who 
studied a lower concentration range (concentration between 0.5x to 1.5x).  
 
Fig. 12 Mineral layer thickness on the same substrate soaked in different concentrated simulated body fluids for the 
same period. 
It also has been noticed that there are different definitions of concentrated SBF 
solution (such as only keeping Ca2+ ions in proportion or keeping both Ca2+ and PO4
2- 
in proportion). In our study, we defined the concentration of SBF based on the 
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concentration of Ca2+ because CaCl2·2H2O can release all Ca
2+ in solution. Compared 
to Ca2+, there are multiple balances related to PO4
2-, which is difficult to confirm the 
final concentration of PO4
2- without any instrument. 
3.3 pH Value 
We also monitored the pH variation with the time for mineralization in highly 
concentrated SBF solutions such as 10x SBF. As we mentioned previously, some 
revised recipes of SBF we used did not include chemicals like Tris to construct a buffer 
system in the solution. With the buffer system constructed, the pH of the solution can 
be kept in a certain range [35]. In SBF, a stable pH value means the supersaturated status 
can be maintained so the SBF can keep functioning. Thus, there is no need to refresh 
the solution in the incubator. However, many of our highly concentrated SBF were not 
buffer solution systems. Thus, we need to study how long the highly concentrated SBF 
can function to decide the necessity and time point of refreshing. 
    To learn more about pH variation in highly concentrated SBF, we prepared a 10x 
SBF solution for testing. The pH value was measured every 10 min in the first hour and 
then was measured every hour by a pH meter (Extech PH220-C). Room temperature 
and relative humidity were also recorded at the same time in case they have any 
influence on the mineralization. The result is shown in Fig. 14. It can be seen that the 
pH of the SBF solution was increasing slowly and reached the highest value after 5 
hours but the solution was still clear. Then, it dropped relatively fast and the solution 
became cloudy. After 9 hours, the final pH value was maintained stable and was lower 




Fig. 13 pH variation in 12 hours and illustrations of typical phenomena at different stages. Temperature and relative 
humidity are consistent. 
The experiment showed that the 10x SBF without buffer system lost its 
functionality in less than a day. The final pH value was below the pH right after 
preparation, which indicates that the status of this solution system may no longer be 
supersaturated. If we would like to conduct experiments by using the SBF without 
buffer, the simplest way is to refresh the solution daily. Or, we could search for other 
chemicals that can build a buffer system suitable for maintaining the pH around this 
level. 
3.4 Conclusion 
    In this chapter, we studied factors and conditions involved in the mineralization 
process from simulated body fluids. We compared our measurement results of our 
piezoelectric samples to the reference value provided by the manufacturer. We also 
compared the precipitated mineral thickness produced from different recipes of 
simulated body fluids in previous studies. The result demonstrated that more minerals 
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can be deposited from higher concentrated minerals. However, the pH varies 
dramatically in the highly concentrated SBF solution because it usually does not contain 
any chemicals to build a buffer system, which requires a daily refresh of the solution if 










Characterizations of Bioinspired 
Composites 
 
4.1 Surface Morphology 
When studying factors that influence composite synthesis, we noticed several 
different types of morphologies of deposited minerals on the surface. Previous studies 
from Sadat-Shojai [36] and Dorozhkin [37] et al. showed that calcium phosphates can 
form many unique types of morphologies under specific methods of synthesis. 
Currently well-known and discovered shapes are irregular spheres (Fig. 15a), spheres 
(Fig. 15b), flowers (Fig. 15c), porous spheres (Fig. 15d), bowknots (Fig. 15e), 
dumbbells (Fig. 15f), needles (Fig. 15g), sheets (Fig. 15h), self-assembled nanorods 
(Fig. 15i), rosettes (Fig. 15j), and flakes (Fig. 15k), as shown in Fig. 15. Among these 
morphologies, irregular spheres (Fig. 15a), spheres (Fig. 15b), flowers (Fig. 15c), 
dumbbells (Fig. 15f), needles (Fig. 15g), sheets (Fig. 15h), self-assembled nanorods 
(Fig. 15i), and flakes (Fig. 15k), are common shapes formed when synthesizing by 
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conventional chemical precipitation method based on reactions between reagents 
containing calcium and phosphate in solvents. 
 
 
Fig. 14 Common morphologies of calcium phosphate researchers have discovered. These shapes are (a) irregular 
spheres, (b) spheres, (c) flowers, (d) porous spheres, (e) bowknots, (f) dumbbells, (g) needles, (h) sheets, (i) self-
assembled nanorods, (j) rosettes, and (k) flakes. Reprinted from Acta biomaterialia, 9(8), 7591-7621,[36] with 
permission from Elsevier.  
The morphologies shown in our minerals are dense spherical and flaky shapes (Fig. 
16b, Fig. 16d), corresponding to previous studies (Fig. 15b, Fig. 15k). We also 
compared our minerals with other results where researchers induced mineral 
precipitation from a similar chemical system on different material surfaces with charges 
by using scanning electron microscopy. Our deposited mineral layer shared the similar 
morphology with previous studies (Fig. 16) from Kokubo et al. [20], Li et al. [38], and 
Kobayashi et al. [39]. However, accurate analysis of chemical components should be 




Fig. 15 (a) Dense spherical mineral layer observed in previous studies from Kokubo et al. and Li et al.; (b) Dense 
spherical mineral layer observed in our study share the same morphology; (c) Flaky-shape mineral layer shown in 
previous research from Kobayashi et al. and Li et al; (d) Flaky-shape mineral layer shown in our study also has been 
discovered. Reprinted from Biomaterials, 27(15), 2907-2915,[20] with permission from Elsevier.  
4.2 Chemical Composition Analysis 
    While morphology is related to chemical composition, calcium phosphates can 
have different kinds of morphologies based on factors such as ion concentration, pH, 
reaction temperature, aging temperature, aging duration, and drying method, etc.[36] 
Thus, to further confirm the component of precipitated minerals, more characterization 
methods should be applied. 
     To characterize the composition of minerals, we analyzed the precipitated minerals 
with an X-ray diffractometer (X’Pert, for powder, Cu K-radiation: 40 kV, 40 mA, 
scanning range: 10° to 70°, step size: 0.05°). It can provide the structure of materials to 
identify compounds based on their diffraction patterns [40]. 
    Minerals were collected from PVDF film samples with static loading in the 10x 
SBF solution system. The analyzed result is shown in Fig. 17. We compared our result 
with a standard XRD diagram of hydroxyapatite and noticed that the peaks from 
deposited minerals showed a good match with those from hydroxyapatite, one form of 
calcium phosphates, which is the main mineral component of bone [11]. Main peaks 
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were correlated with those from the hydroxyapatite though, due to background noise, 
some small peaks could not be distinguished clearly.  
 
Fig. 16 XRD analysis of deposited minerals on PVDF substrate 
Beside XRD, we also analyzed precipitated minerals with energy dispersive 
spectroscopy (EDS; EDAX Co., USA, Octane Plus) on the scanning electron 
microscope (SEM; Tescan, Mira3). The EDS can perform an elemental analysis of 
samples. After stimulating atoms in the sample, it can recognize elements existing in 
the sample based on their unique emission spectra decided by the atomic structure [41]. 
The analyzed results are shown in Fig. 18. For samples from differently concentrated 
SBF solutions, calcium (Ca), phosphorus (P), and oxygen (O) elements were detected 
with relatively high ratio, which are the elements consisting of hydroxyapatite. For 
1xSBF, due to limited mineral coverage, carbon (C) and fluorine (F) peaks from the 
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underlying PVDF substrates were also detected. Some small peaks from sodium or 
other elements can also be obtained occasionally after rinsing with DI water, especially 






Fig. 17 EDS analysis of chemical elements in the deposited mineral layer formed from 1x, 5x, 10x simulated body 
fluids separately.  
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4.3 Testing Regeneration of Damaged Areas  
    We also tested the regeneration capability of the composite when damages appeared. 
As the damaged regions expose the negative charges on the surface, the material system 
might be able to repair damages by precipitating minerals on the damaged sites from 
the SBF.  
For testing, PVDF film samples were prepared with well-defined geometries and 
were immersed into SBF for mineral formation at room temperature without loading. 
Then, parts of the mineralized surfaces were damaged with wires and the damaged 
specimens were immersed into the SBF solution again as shown in Fig. 19 and were 
checked periodically. (Fig. 19) 
 
 
Fig. 18 Schematic of testing regeneration of damaged areas. 
The result is shown in Fig. 20 from optical microscope images. Minerals were 
deposited onto damaged regions due to the exposure of negative charges on the PVDF 
film substrates while there was a small amount of minerals deposited onto the remaining 




Fig. 19 An overview of the sample after damage (Top) and after healing (Bottom). 
    We also scanned and analyzed the damaged and non-damaged areas by non-contact 
profilometer (Laser Scanning Microscope, Keyence VK-X100, Osaka, Japan), to 
measure the thickness profiles of deposited minerals on PVDF films. Before scanning, 
samples were carefully attached to a silicon wafer by a tape. Samples were scanned 
with a 20× objective lens. The profilometer collected 3D information from the scanned 
area. Images were stitched together in all scanned areas to synthesize the final result. 
    Scanning results were first processed by the VK analysis application (Keyence, 
Osaka, Japan) to correct obvious surface tilting by checking the level of the substrate 
layer. Common correction methods used were the 2-point linear profile correction and 
the 3-point non-linear profile correction, depending on specific situations. Later, the 
Gwyddion (Department of Nanometrology, Czech Metrology Institute) was used to 
process the measured data. The 3D reconstruction can be obtained both by VK analysis 
application and Gwyddion to check scanning qualities. To measure the thickness 
variation along one direction, line width (line thickness) was set to proper (such as 15-




Fig. 20 Thickness measurement of the damaged area and non-damage area after damage (Black) and after healing 
(Red) 
    The scanning result (Fig. 21) shows that mineral growth occurred when we 
immersed back to SBF after damage both on damaged and non-damaged areas. More 
minerals were deposited compared to the initial synthetic process. Though minerals 
covered the damaged area again, the damaged area had a thinner layer than that of the 
non-damaged area. The preliminary data suggest that while the material system can 
regenerate damaged areas, the mineralization does not seem to selectively occur in only 
damaged areas. One of the possible reasons is the existing minerals in the non-damaged 
area can lower the energy for nucleation and growth while the exposure of charges in 
the damaged areas can facilitate nucleation. 
4.4 Conclusion 
    In this chapter, we mainly focus on the characterizations of precipitated minerals. 
Several methods have been applied including optical microscope to measure the surface 
morphology as well as XRD and EDS to analyze the chemical structure and element. 
The results suggest that the deposited minerals are hydroxyapatite, one type of calcium 
phosphate. Moreover, our studies showed that the material system can regenerate 










Conclusion and Future Work 
 
5.1 Summary of Current Work 
Based on previous findings that negatively charged scaffolds serve as templates for 
mineral formation from the medium with ions by attracting positive mineral ions, we 
demonstrated the regeneration capability of our bioinspired composites after a series of 
studies related to inducing mineralization from simulated body fluids (SBF) on the 
surface of PVDF film.  
Firstly, we studied the piezoelectricity of PVDF film under compression, 
mimicking a mechanical situation when damage was applied. The PVDF samples we 
prepared showed their d33 values at a range around 20pC/N to 35pC/N, which is close 
to the reference value provided by the manufacturer, 33pC/N. We then studied the 
influence of SBF on mineral deposition thickness with 1xSBF, 5xSBF, and 10xSBF. 
Our results showed that more minerals can be deposited from highly concentrated SBF. 
We examined the precipitated minerals mainly by XRD and EDS, and the analysis 
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results indicated that the deposited minerals are hydroxyapatite, one form of calcium 
phosphate, which is the main inorganic materials in bones. We finally explored the 
regeneration capability of our bioinspired composite and noticed that the damaged 
mineral layer on the negatively charged surface of PVDF film was recovered after re-
immersing into simulated body fluids. The result seems to be consistent with our 
hypothesis that the damage of the mineralized scaffold will expose underlying negative 
charges so that it can provide “signals” for inducing mineral deposition, thus repairing 
the damaged mineral layer. 
5.2 Future Work 
    There are still many aspects to study in the future. In terms of the mechanism, we 
still do not have a straightforward method to observe and monitor the beginning of 
mineral deposition for verifying our mechanism based on nucleation and growth. In the 
future, a cryo-SEM could be used to observe frozen samples at different time points 
from the mineralization process, followed by EDS analysis on the frozen cross-section 
of the solution, to obtain the distribution of chemical elements in SBF. 
    Besides, when studying regeneration capability, we also noticed that there is a 
mineral growth in the non-damaged area, and it seems that there still has a thickness 
difference after recovery. More quantitative studies should be conducted to measure the 
thickness increase per day and analyze the deposition rate on the damaged and non-
damaged area from the beginning of regeneration.  
    In the future, it is also necessary to combine biocompatibility with previously 
studied materials with regeneration capability for future medical implants because some 
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of these materials can have unique performance during regeneration, such as preventing 
crack expansion, the high recovery rate in mechanical properties, etc.  
5.3 Perspectives of Our Bioinspired Composite 
    We envision that the findings from our research can contribute to new strategies for 
various areas including coatings for medical implants, teeth/bone remineralization, and 
scaffolds. Since our regeneration strategy is based on a biocompatible environment, the 
recovery process does not contain cytotoxic materials and does not require extreme 
conditions where an organism cannot survive. Another benefit is that materials with 
regeneration ability can lower the cost and risk for maintenance and simplify the 
repairing process, especially for medical implants. Moreover, since bioinspired 
composites with regeneration ability do not rely on a biological process, they could be 
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